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Abstract 
The renewal of conventional energy systems is an important countermeasure against the effects of global warming and natural 
disasters. A self-sustainable, decentralized energy system is one of the promising solutions for future sustainable and resilient 
societies. The Nushima Project attempts to construct a prototype of a self-sustainable decentralized energy system based on DC 
power distribution of the renewable energy on Nushima island, an isolated island in Japan. In this paper, under the Nushima 
Project, a mathematical programming model is formulated and design and utilization of the overall DC micro grid system is 
optimized based on the model, where the system is equipped not only with stationary batteries but also with mobile batteries. 
Through the results of numerical simulations, the effectiveness and the potential of the proposed model are investigated, 
including clarifying the effect of the batteries. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Scientific Committee of IICST 2014.  
Keywords: renewable and sustainable enrgy, DC microdgrid, power electronics, power converter; 
1. Introduction 
Renewable energy utilization such as solar power and wind power is now one of hot topics and various research 
has progressed in the field of smart grid systems [1, 2]. The Nushima Project is an attempt to construct a DC energy 
grid that includes solar and the wind power generation, DC and AC power consumption, stationary and mobile 
batteries, and also the commercial power supply on Nushima island of Japan to decrease CO2 emissions and to 
increase the community’s resiliency to natural hazards. Nushima island is located near Awaji island and has a 
population of about 520 people whose main economic activity is fishery. Fig. 1 shows a DC energy grid system we 
constructed on Nushima island. In this project, our research aims to present conditions and control policies which 
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make it possible to supply the electricity efficiently and stably when this DC energy grid spreads over the island in 
the future. Transmitting the renewable energy or charging the energy to the battery provides an opportunity to use 
the electricity generated by other grids or at other times. Thus, the local grid network would contribute to an increase 
in the use of renewable energy, and battery size for each grid and battery charge management would become 
important design factors for the overall energy network. We construct a mixed integer programming model for 
optimizing the design and the management of an overall DC micro grid system. The specification of each electric 
equipment is parameterized in the model, and is optimized by changing the environmental conditions such as 
weather conditions or energy consumption behavior. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. DC energy grid system. 
 
2. Model and analysis method 
We construct a mixed integer programming model for optimizing the design and the management of an overall 
DC micro grid system. The specification of each unit of electrical equipment is parameterized in the model, and is 
optimized by changing the environmental conditions, such as weather conditions or energy consumption behavior. 
Fig. 2 shows the parameters and variables included in our mixed integer programming model. This model describes 
the flow of the electric power at each discrete time period under the following constraints:  
(a) The sum of incoming power flow equals to the sum of outgoing power flow on the grid,  
(b) Capacity constraint is imposed on the battery. 
As for the evaluation of the power management on the grid, the following criteria are considered:  
(1) Minimization of the commercial power supply, and  
(2) Minimization of the number of the movement of the mobile battery within the power grid. 
3. Analysis results 
3.1. Experimental setups 
This section demonstrates analysis results of the efficiency of the grid. These experiments consider the case of no 
wind power generator and a stationary battery. The best-case analyses are performed with the actual measured 
values acquired from December 14, 2012 to August 31, 2013 in the Nushima Project. Consumption rates of the 
electric energy from 51 households are available for every minute, and are quintupled in order to generate virtually 
the energy consumption time series for the overall island area. Then, they are divided into five groups corresponding 
to the districts in Nushima, and N = 5 grids are prepared for the groups. The optimization period is set to one day, 
and Δt is set to 30 min. Optimization on the mixed integer model was performed by using IBM ILOG CPLEX 12 
[3]. Maximum computation time is set to 5 min, and the best feasible solution acquired so far is used for evaluation. 
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Fig. 2. Constant values and variables in the mathematical programming model. 
3.2. Results 
Fig. 3 shows an optimization result by changing the generation capacity of the solar power panel and the capacity 
of the mobile battery, respectively. Both the default PV capacity (i.e., 18kWp) and the default battery capacity (i.e., 
20kWh) are normalized to one on the horizontal two axes of Fig. 3. The vertical axis shows the dependency ratio on 
the commercial power supply calculated as follows: 
 
 
 
where                 and         represent the commercial power energy, the AC and the DC demand power energy for 
grid Ci on time k, respectively. The averaged values of η over the overall optimization period (i.e., over 9 months) 
are summarized in Fig. 3, and correspond to the average-case analysis.  
Fig. 4 shows wasted energy calculated as follows: 
 
 
 
where vik represents the surplus energy which never utilized for the power demand on grid Ci at time k.  
From these figure and table, we can observe the following results:  
(a) 54% dependency on the commercial power supply can be achieved with the 20kWh battery capacity and 
with sufficiently large PV capacity.  
(b) η is decreasing with increasing the PV capacity.  
(c) The wasted energy can be minimized with at least 20kWh battery capacity. 
Next, dependency on the commercial power supply for each month is shown in Fig. 5. Fig. 5 shows an 
optimization result by changing the PV capacity with a constant battery capacity (20kWh). The vertical axis shows 
the dependency ratio η, and the horizontal axis shows the month in the optimization period. The maximum, the 
minimum and the averaged values of η over a month are summarized in Figure 5, and correspond to the best, the 
worst, and the average case analysis, respectively. From Fig. 5, we can observe the following results:  
(d) The dependency can vary with each month. The maximum difference is about 25% between all of the 
seasons. 
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4. Conclusion 
In this paper, we proposed an optimization model and analysis techniques for the design and the management of a 
DC micro grid system in the Nushima Project. The decentralized energy network is a new grid system working 
toward independence from the existing power grid, and renewable energy sources are the main energy sources for 
the decentralized energy network. 
The main contribution of this paper is the proposal of a system that enables evaluation of the grid system under 
practical assumptions. Our future work includes power routing algorithms to implement a power distribution that 
minimizes battery degradation. Constructing power routing algorithms to obtain quasi-optimal solutions is also an 
important future work for the real operation of the grid system. 
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Fig. 3. Results: Dependency on the 
commercial power supply. 
Fig. 4. Results: Wasted energy ratio. 
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